The microbial production of methane by methanogenic archaea is dependent on the synthesis of the pterin-containing cofactor tetrahydromethanopterin (H 4 MPT). The enzyme catalyzing the last step of H 4 MPT biosynthesis (dihydromethanopterin reductase) has not previously been identified in methane-producing microorganisms. Previous complementation studies with the methylotrophic bacterium Methylobacterium extorquens have indicated that an uncharacterized archaeal-flavoprotein-like flavoprotein (AfpA) from Methylobacillus flagellatus or Burkholderia xenovorans can replace the activity of a phylogenetically unrelated bacterial dihydromethanopterin reductase (DmrA). We propose that MM1854, a homolog of AfpA from Methanosarcina mazei, catalyzes the last step of H 4 MPT biosynthesis in methane-producing microorganisms. To test this hypothesis, a six-histidine (His 6 )-tagged version of MM1854 was produced. Bioinformatic analysis revealed the presence of one flavin mononucleotide (FMN)-binding site and two iron-sulfur cluster sites, consistent with an oxidoreductase enzyme. Purified His 6 -MM1854 occurred as a homodimer of 29-kDa subunits, and the UV-visible spectrum of the purified protein showed absorbance peaks at 380 and 460 nm, characteristic of oxidized FMN. NAD(P)H was incapable of directly reducing the flavin cofactor, but dithionite eliminated the FMN peaks, indicating successful electron transfer to MM1854. An electron transfer system of NADPH, spinach NADPH-ferredoxin oxidoreductase, and ferredoxin could also reduce the FMN peaks. A newly developed assay indicated that dithiothreitol-reduced MM1854 could transfer electrons to dihydromethanopterin. This assay was also effective with a heatstable DmrX analog from Methanocaldococcus jannaschii (MJ0208). These results provide the first biochemical evidence that MM1854 and MJ0208 function as archaeal dihydromethanopterin reductases (DmrX) and that ferredoxin may serve as an electron donor.
M
ethane-generating microorganisms (methanogens) are found in anaerobic environments such as soils, wetlands, and the intestines of humans and animals (1) . Many methanogenic archaea are capable of generating ATP through anaerobic respiration by using H 2 and CO 2 to produce methane (2) . Methanogens of the genus Methanosarcina can also produce methane by using methanol, methylamines, and acetate as carbon and energy sources (3) . The coenzyme tetrahydromethanopterin (H 4 MPT) plays an important role as a one-carbon (C 1 ) carrier in all of these methanogenic pathways (4, 5) . Interestingly, a number of bacterial species have acquired some of the archaeal-gene-like genes involved in H 4 MPT-dependent metabolism (6) . The corresponding bacterial enzymes are utilized during the aerobic growth of methylotrophic bacteria on methane, methanol, or other C 1 compounds (7) . While the pterin ring of H 4 MPT in methanogenic archaea has structural similarity to that of tetrahydrofolate in bacteria, novel enzymes involved in the synthesis of the pterin ring of H 4 MPT in archaea have been discovered that differ in fundamental ways from proteins used by bacteria to synthesize folate (8) (9) (10) ). In contrast, the side chains of H 4 MPT and tetrahydrofolate are substantially different and may account for the differences in chemical reactivity and specificity between these two pterin molecules (11) . The original pathway proposed for the synthesis of the side chain of H 4 MPT consists of nine steps (12, 13) . The first and committed step of H 4 MPT side chain synthesis is catalyzed by ␤-ribofuranosyl aminobenzene 5=-phosphate synthase, which uses either p-aminobenzoic acid (14) (15) (16) (17) or hydroxybenzoic acid (18) to provide the benzene ring for H 4 MPT. Another enzyme (MJ0301) has been shown to catalyze the subsequent step of H 4 MPT side chain synthesis, in a manner similar to the formation of dihydropteroate by the bacterial enzyme dihydropteroate synthase (19) . For the remaining seven steps of H 4 MPT side chain synthesis, none of the corresponding enzymes have previously been characterized in the domain Archaea.
In the Bacteria domain, one additional H 4 MPT biosynthesis enzyme has been discovered and studied biochemically. In the methylotrophic alphaproteobacterium Methylobacterium extorquens AM1, an enzyme designated dihydromethanopterin (H 2 MPT) reductase A (DmrA) catalyzes the final step of H 4 MPT biosynthesis by using NADPH as an electron donor to reduce H 2 MPT to H 4 MPT ( Fig. 1 and Table 1 ) (20, 21) . Importantly, no homologs of this enzyme exist in methanogenic archaea (20, 21) , and thus, the archaeal enzyme catalyzing the last step of H 4 MPT biosynthesis could not be identified.
Comparative genomic and bacterial complementation studies by Kalyuzhnaya et al. (22) have provided clues to the identity of the missing archaeal H 2 MPT reductase. Genome sequencing has revealed that some betaproteobacteria also lack the dmrA gene but contain instead an additional gene (afpA) coding for an archaealflavoprotein-like flavoprotein (AfpA) of undetermined function (22, 23) . The bacterial AfpA homolog contains a predicted flavin mononucleotide (FMN)-binding site but lacks a recognizable binding site for other cofactors. In complementation studies, the afpA gene from the betaproteobacterium Methylobacillus flagellatus or Burkholderia xenovorans restores the ability of a ⌬dmrA mutant of M. extorquens to grow via an H 4 MPT-dependent pathway (22) , indicating that the bacterial version of the archaealflavoprotein-like flavoprotein AfpA can complement or replace the function of DmrA. Thus, the afpA gene appears to code for a novel H 2 MPT reductase, although the hypothesis could not be tested biochemically at that time. The results are summarized in Table 1 and provide the basis for our current hypothesis that afpA homologs in methanogen genomes may code for the missing archaeal H 2 MPT reductase.
The genome of Methanosarcina mazei contains two genes coding for AfpA homologs (23, 24) . The first protein (MM0635) contains a consensus binding site for only one cofactor (FMN). Because the gene for MM0635 clusters with oxidative stress genes, it has been proposed that MM0635 plays a role in the cellular response to oxidative damage (23) . The second homolog (MM1854) is a protein of unknown function. The amino acid sequence contains two iron-sulfur cluster (4Fe-4S)-binding motifs in addition to the flavin-binding site (23) , consistent with the role of the enzyme as an oxidoreductase. Moreover, on the basis of the proximity of the gene for MM1854 to that for MM1853, the homolog of a known H 4 MPT biosynthesis gene (25) , we propose that the iron-sulfur flavoprotein MM1854 is the missing archaeal version of H 2 MPT reductase (DmrX), which catalyzes the reaction shown in Fig. 1 .
In this work, we have purified MM1854 (DmrX) with a sixhistidine tag, developed a coupled assay to test the activity of DmrX as an H 2 MPT reductase, and provide the first biochemical evidence that MM1854 and similar iron-sulfur-containing homologs catalyze the final step of H 4 MPT biosynthesis in methanogenic archaea. A heat-stable homolog of DmrX (MJ0208) from the hyperthermophilic methanogen Methanocaldococcus jannaschii was also produced with activity and could be purified by using a simplified protocol based on its heat stability. culture of BE100 cells with pET15b:MM1854 and incubated at 37°C with shaking (180 rpm). After an optical density at 600 nm of 0.6 was reached, the temperature was lowered to 30°C to assist the proteins in folding properly, and gene expression was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside (IPTG) plus FeSO 4 to 20 M as described previously by Zhao et al. (26) for the production of an iron-sulfur flavoprotein from M. thermophila. After 6 h, the cells were harvested with a Sorvall RC5B Plus centrifuge (Fisher Scientific, Pittsburgh, PA) with an F9 rotor (5,000 ϫ g, 15 min, 4°C) and frozen at Ϫ20°C for further use within 2 weeks of harvesting.
MATERIALS AND METHODS

Recombinant expression of DmrX in
Purification of recombinant His 6 -DmrX from E. coli cells. His 6 -DmrX was purified by nickel affinity chromatography in an anaerobic chamber (98% N 2 and 2% H 2 ) (Coy Laboratory Products, Grass Lake, MI) to protect the iron-sulfur clusters from air oxidation. About 5 g of cells was suspended with 10 ml of lysis buffer A (50 mM sodium phosphate [pH 8.0], 300 mM sodium chloride, 15 mM 2-mercaptoethanol, 20 mM imidazole) and broken with a Thermo Scientific French press (Fisher Scientific) at 20,000 lb/in 2 . The mixture was centrifuged with a Sorvall F18S rotor at 27,000 ϫ g for 30 min at 4°C, and the supernatant was filtered with 0.45-m syringe filters (Millipore, Billerica, MA). The cell extract (10 ml) was mixed with 2.5 ml of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) and shaken in a sealed anaerobic vial on ice for 2 h. The mixture was poured into a 10-ml column, washed three times with 4 volumes of the above-described buffer containing 30 mM imidazole, and washed with 4 ml of buffer containing 100 mM imidazole. His 6 -DmrX was eluted with 2 to 4 ml of the buffer described above containing 250 mM imidazole. The protein was concentrated with a Centricon microconcentrator (Millipore) with a molecular weight cutoff of 10,000. For determination of subunit composition by gel filtration, the protein was run on a Superdex 75 10/300 gel filtration column (Pharmacia/GE Biosciences) equilibrated with 50 mM N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (pH 6.8), 150 mM KCl, and 2 mM dithiothreitol (DTT).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (27) with Coomassie blue staining (Bio-Rad) was used to examine protein solubility and purity. Protein concentrations were determined by the method of Bradford (28) with bovine serum albumin (Bio-Rad) as the standard.
NADPH-ferredoxin electron transfer assay. Archaeal flavoprotein A from Archaeoglobus fulgidus (AF1518 or AfpA) is an electron carrier protein previously shown to receive electrons from spinach ferredoxin via an NADPH-ferredoxin oxidoreductase electron transfer system (23) . In this work, we tested whether the same NADPH-ferredoxin system can also reduce His 6 -DmrX. All assays measuring DmrX activity were conducted anaerobically. The standard assay mixture (1 ml) consisted of 1.5 mg of His 6 -DmrX sample, 5 l of 10 mM NADPH (50 M final concentration), 100 l of 100 M spinach ferredoxin (Sigma Chemical Co., St. Louis, MO; 10 M final concentration), 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, and 30 l of 1-U/ml spinach NADPH-ferredoxin oxidoreductase (Sigma). The reaction was initiated by adding NADPH-ferredoxin reductase because this enzyme can maintain enzymatic activity for only about 30 min after exposure to air. NADPH, 2-mercaptoethanol, and DTT were also tested as artificial electron donors for DmrX by monitoring the flavin absorbance peaks at 380 and 460 nm with a Beckman model DU-640 spectrophotometer (Beckman Coulter, Inc., Brea, CA).
Preparation of dihydrosarcinapterin (H 2 SPT) from methanogen cell extracts. In Methanosarcina thermophila, a modified form of methanopterin (called sarcinapterin, SPT) is produced, which differs from H 4 MPT only in that tetrahydrosarcinapterin (H 4 SPT) contains a glutamyl residue covalently attached to the end of the side chain (25) . H 4 SPT was purified from cells of the methanogen M. thermophila TM-1 grown on acetate as described previously (21) . Purification was performed in an anaerobic chamber. Frozen cells were purged with N 2 gas for 10 min and then H 2 gas for 5 min in a 37-ml sealed glass vial to reduce the pterin fully to H 4 SPT. Anoxic buffer (10 ml of 30 mM sodium acetate [pH 4.0], 200 M 2-mercaptoethanol) was added, and the vial was sealed and purged with H 2 gas for 10 min. The cells were boiled for 30 min and cooled to room temperature. The mixture was centrifuged at 13,000 ϫ g for 30 min at 4°C to remove precipitated proteins (Eppendorf MiniSpin microcentrifuge purchased from Fisher Scientific). The supernatant containing H 4 SPT was mixed with an equal volume of buffer A (50 mM MOPS [pH 6.8], 75 M 2-mercaptoethanol) and loaded onto a 2-ml column containing DEAE Sephadex A-25 (Sigma). The column was washed with 2-ml fractions of buffer A containing increasing concentrations of NaCl at 100 mM, 200 mM, 300 mM, 400 mM, 500 mM, 600 mM, and 1 M. H 4 SPT eluted in the 500-mM NaCl fraction. H 4 SPT was partially oxidized to H 2 SPT by the exposure of fractions to air at 4°C, swirling of the solution for 2 min, and incubation in the dark for 14 h. The headspace was then replaced with nitrogen gas. This treatment produced a mixture containing three pterin species: the desired H 2 SPT, some unreacted H 4 SPT, and some fully oxidized SPT. The pterin fractions were divided into aliquots and stored at Ϫ80°C for further use.
Development of a continuous assay to measure DmrX activity. Assays measuring DmrX activity were conducted in an anaerobic chamber or in sealed O 2 -free cuvettes. On the basis of a hybrid of the DmrA assay (21) and the methylene H 4 MPT dehydrogenase B (MtdB) assay for measuring H 4 MPT and H 4 SPT (29), a new coupled DmrX assay was developed. In this assay, DTT was used as the electron donor for the DmrXcatalyzed reduction of H 2 SPT to H 4 SPT. H 4 SPT reacted spontaneously with formaldehyde in the solution to make methylene-H 4 SPT, and the NAD ϩ -dependent oxidation of methylene-H 4 SPT catalyzed with an excess of the coupling enzyme MtdB was monitored as an increase in absorbance at 340 nm (A 340 ) due to the production of NADH (29) . , and the amount of NADH produced was calculated by using an extinction coefficient of 6.22 absorbance units/mM/cm. The spectrophotometer used was a Smartspec 3000 (Bio-Rad, Hercules, CA).
To facilitate the calculation of reaction velocities, the assay was further modified to continuously measure DmrX activity. For the continuous assay, it was necessary to first remove any H 4 SPT remaining in the H 2 SPT preparation after air oxidation. This was achieved by adding formaldehyde, NAD ϩ , DTT, and MtdB to the mixture containing the pterin mixture in the absence of DmrX. This pretreatment converted any preexisting H 4 SPT to methylene-H 4 SPT, which was then converted to methenyl-H 4 SPT by MtdB. The reaction mixture (100 l) contained 10 mM DTT, 0.16% (vol/vol) formaldehyde, 5 l of partially oxidized H 4 SPT, approximately 44 mM MOPS (pH 7.0), and 0.3 mM NAD ϩ . In the pretreatment step, any H 4 SPT initially present in the H 2 SPT preparation was consumed by MtdB assay (without DmrX). After 100 to 150 s, when the A 340 reading was constant (indicating that no H 4 SPT remained), 5 l of reduced His 6 -DmrX (3 g of protein) was added.
The effect of pH on enzyme activity was measured at room temperature with 50 mM bis-tris propane buffer (Sigma) over a pH range of 5 to 9.
Synthesis of the gene for MJ0208 and purification of His 6 -MJ0208 by heat treatment. The gene for MJ0208 (the MM1854 homolog from M. jannaschii; gi number 2494448) was codon optimized for E. coli, synthesized with 5= NdeI and 3= BamHI sites, and subcloned into pET15b by GenScript (Piscataway, NJ). The plasmid was transformed into chemically competent BE100 cells. The protein was produced, and cells were lysed anaerobically as described above for His 6 -MM1854. After centrifugation in the absence of O 2 to remove insoluble components, 2 ml of cell extract was sealed anaerobically in a serum vial and heated to 65°C for 15 min. The sample was returned to the anaerobic chamber and centrifuged at 12,000 rpm for 15 min in a microcentrifuge. The resulting 65°C supernatant was then heated to 85°C for 15 min. Protein purity was assessed by SDS-PAGE. Chemicals. Unless otherwise specified, chemicals were obtained from Fisher Scientific (Pittsburgh, PA). Gases were purchased from Oxygen Service Co. (Orange, CA).
RESULTS
Overexpression and purification of recombinant His 6 -MM1854 (His 6 -DmrX). The dmrX gene (for MM1854) from M. mazei was successfully overexpressed in E. coli cells induced with IPTG at 30°C. The target protein His 6 -DmrX was purified from cells under anaerobic conditions by Ni-NTA chromatography with buffer containing 250 mM imidazole, as indicated by a single 29-kDa SDS-PAGE band (Fig. 2, lane 8 ). This molecular mass is similar to the predicted molecular mass of His 6 -DmrX based on the amino acid sequence (approximately 27 kDa) plus the mass of the 20-amino-acid histidine tag. The purified protein had a yellow color, consistent with the presence of FMN and possibly iron-sulfur (4Fe-4S) clusters predicted by the primary structure of the protein (23) . Similarly to the archaeal flavoprotein from A. fulgidus (23) , the yellow protein eluted from a gel filtration column near the position of a dimer (data not shown).
Analysis of possible artificial electron donors for DmrX. To identify electron donors for DmrX, the effects of different chemical compounds on the visible absorbance spectrum of the oxidized flavin cofactor in His 6 -DmrX were examined. The UV-visible spectrum of the purified protein (Fig. 3) was indicative of a flavin, showing absorbance maxima at 380 nm (representing the anionic flavin semiquinone radical) and 460 nm (fully oxidized flavin-quinone) (30) . Using a molar extinction coefficient of 12,500 for FMN at 450 nm in combination with the protein concentration in Fig. 3 , the percent occupancy by flavin was estimated to be no more than 0.6 flavin per monomer. The identity of the flavin as FMN versus flavin adenine dinucleotide (FAD) was not distinguishable by UV-visible spectroscopy. However, by using acid extraction and high-performance liquid chromatography (HPLC) analysis, Ding and Ferry (23) discovered that FMN, but not FAD, could be found in the A. fulgidus archaeal flavoprotein AfpA, which has the same FMN-specific binding motif as DmrX. In addition, by using HPLC analysis, our laboratory has found FMN as the only flavin in studies of the AfpA homolog from B. xenovorans (data not shown).
The electron donor dithionite reduced the oxidized flavin peaks at 380 and 460 nm (data not shown), as observed previously for the homologous archaeal flavoprotein from A. fulgidus (23) . However, because of the low redox potential of dithionite (Ϫ0.66 V, pH 7) (31), there was concern that dithionite might also reduce the proposed substrate H 2 SPT to H 4 SPT in the enzyme assay. Thus, additional artificial electron donors for DmrX were sought that might not also reduce the substrate H 2 SPT.
In typical iron-sulfur flavoproteins, the standard redox potentials for FMN and iron-sulfur clusters at pH 7 are Ϫ0.207 and Ϫ0.43 V, respectively (32, 33) . The reductant candidates we examined were DTT (Ϫ0.33 V, pH 7) (34), 2-mercaptoethanol (Ϫ0.26 V, pH 7) (35), NADPH, and the spinach NADPH-ferredoxin oxidoreductase system described previously (23) .
For some preparations of purified His 6 -DmrX, the enzyme exhibited an absorbance peak at 410 nm (Fig. 3, line 1 ). This peak could be consistent with the presence of Fe-S clusters, or alternatively, the 410-nm peak could have resulted from a contaminant that coeluted with the purified protein. DTT at 30 mM appeared to reduce the 410-nm peak without eliminating the flavin peaks completely (Fig. 3, line 2) . The flavin remained partially oxidized in the presence of 30 mM DTT, and some oxidized flavin seemed to remain even when the concentration of DTT was increased to 100 mM (Fig. 3, line 3) . On the basis of the decrease in the flavin peaks, the cofactors of DmrX appear to be capable of receiving electrons from DTT. NADPH and 2-mercaptoethanol were also tested for the ability to reduce the cofactor of DmrX. However, neither one influenced the absorbance peaks of DmrX (data not shown).
NADPH-ferredoxin electron transfer system. A spinach NA-DPH-ferredoxin oxidoreductase system was previously shown to transfer electrons to an A. fulgidus FMN-containing protein proposed to play a role in oxidative stress (23) . To test whether this system could also provide electrons to DmrX, we combined NA-DPH, spinach NADPH-ferredoxin oxidoreductase, and a spinach 2Fe-2S ferredoxin with purified DmrX. Because the NADPH peak at 340 nm interfered with the flavin peak of DmrX at 380 nm and the 410-nm peak and overlapped the region of predicted ferredoxin absorbance, the second flavin peak near 460 nm was the only peak at which we could easily monitor the electron flow between the electron donors and DmrX.
When the assay was initiated by adding ferredoxin-NADPH oxidoreductase, a decrease of 0.050 absorbance unit in the flavin peak at 460 nm was observed (Fig. 4, line 2) . After 5 min, a further decrease of only 0.007 absorbance unit was observed (Fig. 4, line  3) . The reaction appeared to be complete within 5 min since the 460-nm peak did not decrease substantially at later time points (Fig. 4, lines 3 and 4) . The corresponding decreases at 340 nm were 0.141, 0.011, and 0.008 absorbance unit. The decrease in absorbance at 460 nm is consistent with electron transfer from NADPH through ferredoxin to DmrX. Thus, the spinach NADPH-ferredoxin system can be an artificial electron donor for DmrX. This observation raises the possibility that ferredoxins may serve as a physiological electron donor for DmrX.
Enzymatic activity of DmrX. To determine whether His 6 -DmrX catalyzes the proposed reaction as an archaeal H 2 MPT reductase, a coupled assay was developed to measure the activity of DmrX on the basis of the MtdB assay for measuring H 4 MPT and H 4 SPT, an H 4 MPT analog that contains an additional terminal glutamyl residue (25, 29) . In this coupled assay, DTT was the electron donor for the DmrX-catalyzed reduction of H 2 SPT to H 4 SPT, and newly produced H 4 SPT reacted spontaneously with formaldehyde in the solution to make methylene-H 4 SPT. The NAD ϩ -dependent oxidation of methylene-H 4 SPT by MtdB was monitored as an increase in A 340 due to the production of NADH.
Because preparations of H 2 SPT were made by exposing H 4 SPT to air, the H 2 SPT samples were routinely contaminated with some fully reduced H 4 SPT (21). Removal of preexisting H 4 SPT was achieved by adding formaldehyde, NAD ϩ , DTT, and MtdB to the pterin mixture in the absence of His 6 -DmrX to convert preexisting H 4 SPT to methylene-H 4 SPT. This compound was then consumed by conversion to methenyl-H 4 SPT by MtdB before adding His 6 -DmrX.
A typical assay is shown in Fig. 5 . Pterin substrate and DTT were mixed with the MtdB assay components to consume H 4 SPT. After 100 to 150 s, the A 340 became constant, indicating that the preexisting H 4 SPT had been converted into methenyl-H 4 SPT. When purified DmrX was added, the A 340 increased further, consistent with the conversion of H 2 SPT to H 4 SPT and its subsequent reaction with MtdB to produce NADH (Fig. 5, line 1) . This result provides evidence that electrons from DTT can be used to reduce H 2 SPT to H 4 SPT with DmrX as the catalyst.
To test whether the protein component of DmrX is critical for enzyme activity, the purified enzyme was heat treated anaerobically in a water bath at 100°C for 15 min. When heat-inactivated DmrX was tested in the coupled assay, no additional H 4 SPT was produced (Fig. 5, line 5 ). This indicates that (i) the native protein, as well as the electron-transferring cofactors, is necessary for the conversion of H 2 SPT to H 4 SPT and (ii) DTT alone (in the absence of active enzyme) could not reduce H 2 SPT to H 4 SPT. This is the first biochemical evidence presented of an H 2 MPT reductase in the domain Archaea.
To test the contribution of DTT as an electron donor, purified DmrX (2.5 M) was added to the assay mixture that lacked DTT (Fig. 5, line 4) . Under these conditions, DmrX produced a small amount of H 4 SPT, which was reproducible with different preparations of the protein. This result is consistent with the presence of some partially reduced DmrX that retained a limited population of electrons within its flavin and/or Fe-S centers throughout the purification process.
When 5 M His 6 -DmrX was used in the assay mixture, the substrate was consumed too quickly for the rate to be measurable (Fig. 5, line 1) . However, when 2.5 M DmrX was added, the reaction rate was significantly lower and measureable (Fig. 5, line 2), giving a specific activity of about 4.8 nmol NADH produced · min Ϫ1 · g protein Ϫ1 . With only 0.83 M enzyme, the reaction rate was relatively constant over a period of 200 s (Fig. 5, line 3 ) and the specific activity was calculated to be 4.1 nmol NADH produced · min Ϫ1 · g protein Ϫ1 . Although the reaction rate was lower when less enzyme was added, the specific activities of the assays with 0.83 and 2.5 M DmrX were similar. Therefore, both results (2.5 and 0.83 M DmrX) could be used to study the kinetic constants of the enzymatic reaction. Under the conditions studied, the average of the two specific activities (4.5 nmol NADH produced · min Ϫ1 · g protein Ϫ1 ) corresponded to about 130 NADH (or H 4 SPT) molecules produced per min per DmrX active site; however, it should be noted that this estimation is not based on a V max value. Compared to the turnover rate calculated for NADPH oxidation by the phylogenetically unrelated DmrA protein from M. extorquens AM1 (about 48 per min per DmrA active site) (21), the corresponding H 2 MPT reduction rates of DmrX and DmrA fell within a factor of 2 to 3 of one another.
The effect of pH on the activity assay was measured from pH 5 to 9, and the highest activity was observed in the range of pH 7 to 7.5 (data not shown).
Characterization of MJ0208 from M. jannaschii. A second archaeal flavoprotein homolog, MJ0208 from the hyperthermophilic methanogen M. jannaschii (23) , was also hypothesized to be an H 2 MPT reductase. Using growth conditions similar to those of the protein from M. mazei, the MJ0208 protein was produced in E. coli induced at 30°C. We predicted that the hyperthermophilic nature of MJ0208 might allow the advantage of partial purification by heat treatment and greater stability than a mesophilic enzyme at room temperature. Following anaerobic cell lysis and centrifugation to produce cell extract, the MJ0208 protein survived heating at 65°C and constituted about 30% of the total protein in this fraction (data not shown). At 85°C, only the target protein survived and MJ0208 appeared to be greater than 99% of the protein remaining in the purified fraction.
To determine whether MJ0208 could function as another DmrX protein, the DmrX-MtdB continuous coupled assay was performed with MJ0208 cell extract heated at 65°C for 15 min (Fig. 6 ). After pretreatment of the pterin preparation with MtdB for 100 s, the A 340 was constant at 0.4. When 65°C heat-treated MJ0208 (2.5 M) was added, the absorbance increased an additional 0.3 U to a final value of 0.7. This result is consistent with the heat-treated hyperthermophilic enzyme catalyzing the production of H 4 SPT, which supports the proposal that MJ0208 also functions as an archaeal H 2 MPT reductase.
DISCUSSION
These results provide the biochemical evidence that the genes for MM1854 in M. mazei and MJ0208 in M. jannaschii encode an enzyme (DmrX) that catalyzes the final reaction of the proposed complex pathway for the biosynthesis of H 4 MPT (12, 36) . This is the first H 2 MPT reductase to be characterized in the domain Archaea. The amino acid sequence of MM1854 (DmrX) is unrelated to that of the previously characterized bacterial H 2 MPT reductase (DmrA), which has sequence similarity to bacterial dihydrofolate reductase (20) and uses NADPH as an electron donor but lacks other tightly bound cofactors (21) .
This report describes the heterologous production of His 6 -MM1854 in E. coli and its purification by nickel affinity chromatography under anaerobic conditions, which was confirmed by SDS-PAGE analysis (Fig. 2) . UV-visible spectroscopy of the purified protein is consistent with the presence of a flavin cofactor (Fig. 3) . A chemical reductant (DTT) and a possible biological electron donor have been found for the iron-sulfur flavoprotein. The NADPH-ferredoxin result (Fig. 4) raises the possibility that a ferredoxin is a physiological electron donor for DmrX, as proposed for AF1518 from A. fulgidus (23) . However, this does not rule out the possibility that another coenzyme, such as the methanogen cofactor F 420 (37) , may serve as an electron donor in vivo.
DTT was the best chemical electron donor for reducing DmrX without affecting other substrates (Fig. 5) , and a new enzymatic assay based on the measurement of H 4 MPT by a modification of the MtdB assay was developed (29) . The DmrX-dependent production of H 4 MPT from H 2 MPT in the presence of DTT is consistent with a role for MM1854 (DmrX) as the first characterized archaeal H 2 MPT reductase. The gene for MM0635, a paralog of the gene for MM1854, was previously shown to cluster with oxidative stress genes rather than H 4 MPT biosynthesis genes, leading to a proposed role in oxidative stress (23) . It is conceivable that MM0635 might also catalyze H 2 MPT reduction, possibly under conditions of oxidative stress; however, we could not test this hypothesis because a soluble, histidine-tagged version of MM0635 could not be produced in our laboratory.
In our studies, MM1854 (DmrX) was found to be labile when exposed to cold storage at 4°C and Ϫ20°C or liquid nitrogen temperatures. This instability would complicate future kinetic characterization or electron paramagnetic resonance studies of the metal centers. We therefore characterized another iron-sulfur flavoprotein, MJ0208 from M. jannaschii. MJ0208 was also able to catalyze H 2 MPT reduction with DTT as the electron donor (Fig.  6) . The hyperthermophilic nature of this enzyme provides an alternative method of purification by heat treatment (data not shown). MJ0208 DmrX activity has been shown to be stable when frozen in liquid nitrogen, which would make this hyperthermophilic enzyme more amenable to kinetic analysis and electron paramagnetic resonance studies in the future.
This work provides biochemical evidence for the discovery of the previously uncharacterized archaeal form of H 2 MPT reductase, DmrX. Because H 4 MPT biosynthesis inhibitors have been shown to decrease methanogenesis by microorganisms in digestive fluids from cattle (38) , the discovery of a new enzyme in the H 4 MPT biosynthetic pathway may also have an impact on the development of new specific inhibitors to reduce the level of methane released by methanogenic organisms into the atmosphere.
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FIG 6
The enzymatic activity of His 6 -MJ0208 measured by the DmrX assay.
The enzyme (2.5 M) was partially purified by heating at 65°C for 15 min.
